1. Introduction {#s0005}
===============

The success of coral reefs in oligotrophic environments is owed to the symbiotic association of the habitat-forming scleractinian corals with photosymbionts from the genus *Symbiodinium* (zooxanthellae). These algal symbionts enable the coral host to access the pool of dissolved inorganic nitrogen and phosphorus in the water column in addition to the nutrient uptake by heterotrophic feeding ([@bb0040], [@bb0065], [@bb0210], [@bb0130], [@bb0275], [@bb0070], [@bb0115], [@bb0225]). Moreover, the zooxanthellae recycle ammonium excreted as metabolic waste product by the host, thereby efficiently retaining nitrogen within the holobiont ([@bb0210], [@bb0235], [@bb0295]). The nutrient limitation experienced by the zooxanthellae *in hospite* in oligotrophic conditions results in a skewed chemical balance of the cellular nitrogen and phosphorus content relative to the available carbon. As a result, photosynthetic carbon fixation can be uncoupled from cellular growth, facilitating the translocation of a large proportion of photosynthates to the coral host ([@bb0205], [@bb0215], [@bb0085], [@bb0075]).

Reefs and the provision of their valuable ecosystem services are globally threatened by climate change and a range of anthropogenic pressures ([@bb0125], [@bb0190], [@bb0260], [@bb0150], [@bb0165], [@bb0010], [@bb0155], [@bb0055], [@bb0185]). In this context, it has become increasingly clear that the nutrient environment plays a defining role in determining coral reef resilience ([@bb0055], [@bb0080], [@bb0270], [@bb0025], [@bb0110], [@bb0015]).

The ratio of dissolved inorganic nitrogen to phosphorus in the marine environment can be interpreted as an indicator of whether photosynthetic primary production is limited by the availability of nitrogen or phosphorus. In coral reef waters, N:P ratios were found in an approximate range from 4.3:1 to 7.2:1 ([@bb0265], [@bb0045], [@bb0105]) which is lower than the canonical Redfield ratio of 16:1, considered optimal to sustain phytoplankton growth ([@bb0240]). Consequently, many processes in coral reefs tend to be nitrogen limited ([@bb0110]).

Natural nutrient levels in coral reef ecosystems are impacted by the rising anthropogenic nutrient input into the oceans, especially into coastal waters, via the atmospheric deposition of combustion products, agricultural activities, erosion and sewage discharge ([@bb0080], [@bb0025], [@bb0055]). Since a number of these sources of nutrient enrichment can be influenced at the local scale ([@bb0020], [@bb0175], [@bb0005]), the management of nutrification is a promising tool for coral reef protection which also holds potential to mitigate some of the negative effects of rising sea water temperatures on these ecosystems ([@bb0055]).

It has been conceptualised that some direct negative effects of eutrophication on the *Symbiodinium* stress tolerance may be caused, paradoxically, by an associated deprivation of nutrients vital for the physiological functioning of the coral symbionts ([@bb0310], [@bb0055]). The resulting nutrient starvation can occur for example when the availability of one type of essential nutrient (e.g. phosphate) decreases relative to the cellular demand, resulting in imbalanced and unacclimated growth ([@bb0220]). High nitrate concentrations in combination with low phosphate availability have previously been shown to result in phosphate starvation of the algal symbiont and increased susceptibility of corals to heat- and light-stress-induced bleaching ([@bb0310]). In principle, this condition could not only result from an increased cellular demand due to nutrient (nitrogen) -- accelerated cell proliferation rates but also from a selective decrease of one specific nutrient type ([@bb0220]). Relevant shifts of the nutrient balance in the natural reef environments were reported, for example, for the reefs of Discovery Bay in Jamaica where enrichment with groundwater-borne nitrate resulted in a dissolved inorganic nitrogen to phosphorus ratio of 72:1, coral decline and phase shifts to macroalgal dominance ([@bb0180]).

However, the functioning of the coral-*Symbiodinium* association can be severely impaired not only by the imbalanced availability of nutrients, but also by a combined deprivation of both, nitrogen and phosphorus ([@bb0250]). In this light, the expected nutrient impoverishment of oceanic waters that could result from global warming or the rapid uptake of dissolved inorganic nutrients by ephemeral phytoplankton blooms could possibly act in combination with increased heat stress levels to accelerate reef decline ([@bb0055], [@bb0245]).

Due to the fast uptake of dissolved inorganic nutrients by benthic communities it is often difficult to measure the level of nutrient exposure in coral reefs ([@bb0110]). Consequently, biomarkers are required that inform about the nature of the nutrient stress which corals and their symbionts experience under certain conditions ([@bb0035], [@bb0055]). Recently, we have demonstrated that bleaching and reduced growth of corals resulting from the deprivation of dissolved inorganic nitrogen and phosphorus is reflected by the ultrastructure of zooxanthellae ([@bb0250]). The undersupply with nutrients manifests in a larger symbiont cell size, increased accumulation of lipid bodies, higher numbers of starch granules and a striking fragmentation of their accumulation bodies. We have exploited the potential of these biomarkers to detect nutrient stress imposed on the coral-*Symbiodinium* association and explored the response of the algal ultrastructure to skewed dissolved inorganic nitrogen to phosphorus ratios.

2. Materials and methods {#s0010}
========================

2.1. Coral culture {#s0015}
------------------

We used *Symbiodinium* clade C1 associated with *Euphyllia paradivisa* as model to establish in long-term experiments the responses of the coral holobiont and zooxanthellae biomarkers to different nutrient environments. We exposed the corals to high nitrogen-low phosphorus (HN/LP) and low nitrogen--high phosphorus (LN/HP) conditions and compared them to corals experiencing nutrient replete (HN/HP) and low nutrient (LN/LP) conditions ([@bb0250]). We note that the attributes "high" and "low" are introduced to facilitate comparison of the nutrient conditions in the context of our experiment and do not necessarily represent all natural reef environments.

Imbalanced nutrient conditions were established in individual aquarium systems within the experimental mesocosm of the Coral Reef Laboratory at the National Oceanography Centre Southampton ([@bb0050]): high nitrogen/low phosphorus (HN/LP = \~ 38 μM NO~3~^−^/\~0.18 μM PO~4~^−^; N:P ratio = 211:1) and low nitrogen/high phosphorus (LN/HP = \~ 0.06 μM NO~3~^−^/\~3.6 μM PO~4~^−^; N:P ratio = 1: 60). The ammonium levels found in our mesocosm are very low (\< 0.7% of total dissolved inorganic nitrogen) compared to the combined nitrite (\~ 10%) and nitrate concentrations (\~ 90%) ([@bb0310]). Therefore, the measured NO~3~^−^ concentrations (combined NO~2~^−^/NO~3~^−^) represent largely the total dissolved inorganic nitrogen pool that could be accessed by the zooxanthellae in the present experiment.

All experimental systems were supplemented with iron and other trace elements by weekly dosage of commercially available solutions (Coral Colours, Red Sea) and partial water changes with freshly made artificial seawater using the Pro-Reef salt mixture (Tropic Marin).

Both the holobiont and the zooxanthellae phenotypes were dominated by the response to the dissolved inorganic nutrient environment and largely unaffected by heterotrophic feeding by the host in our previous study ([@bb0250]). However, to avoid any potential influence of nutrients in particulate form, the corals were not provided with food in the present experiments.

Colonies of *Euphyllia paradivisa* ([@bb0050]) were cultured under the two imbalanced N:P ratios for \> 6 months at a constant temperature of 25 °C and a 10/14 h light/dark cycle. Corals in the HN/LP treatment were first maintained at lower light intensity (∼ 80 μmol m^− 2^ s^− 1^) due to the mortality risk caused by prolonged exposure to this nutrient ratio at higher light levels ([@bb0310]). Light intensities were gradually ramped up to ∼ 150 μmol m^− 2^ s^− 1^ over 7 days and corals were kept under these conditions for 4 months prior to sampling. The corals from the LN/HP treatment experienced a photonflux of ∼ 150 μmol m^− 2^ s^− 1^ throughout the experiment.

The results of the analyses were contrasted to those described in [@bb0250] where corals were cultured under comparable light and temperature conditions but at different nutrient levels (high nitrogen/high phosphorus (HN/HP = \~ 6.5 μM NO~3~^−^/\~0.3 μM PO~4~^−^) vs low nitrogen/low phosphorus (LN/LP = \~ 0.7 μM NO~3~^−^/\~0.006 μM PO~4~^−^).

2.2. Measurements of dissolved inorganic nutrients {#s0020}
--------------------------------------------------

Nitrate concentrations were measured by zinc reduction of nitrate to nitrite followed by a modified version of the Griess reaction as described in ([@bb0140]) using commercially available reagents (Red Sea Aquatics UK Ltd), according to the manufacturer\'s instructions. The resultant colour change was measured using a custom programmed colorimeter at 560 nm (DR900, HACH LANGE) calibrated with nitrate standard solution in the range 0 to 20 mg l^− 1^ NO~3~. Phosphate concentrations were measured using the PhosVer 3 (Ascorbic Acid) method (\#8048, HACH LANGE) using the same colorimeter (DR900, HACH LANGE) with the program specified by the manufacturer.

2.3. Determination of polyp size {#s0025}
--------------------------------

The size of the live polyp (i.e. the part of the corallite covered by tissue) was determined by the end of the treatments. First, the corals were removed from the water to ensure full retraction of the polyp tissue. After a drip-off period of \~ 2 min, the mean diameters of the individual polyps were measured by averaging the longest and the shortest diameter of oval corallites (Fig. S1). In the case of round corallites, two measurements were taken along two orthogonal lines through the centre. The mean extension of the live tissue cover of the outer parts of the corallites was determined by measuring and averaging its extension at 5 measuring points spaced out evenly around the corallite. The live polyp volume was calculated using these measurements assuming a cylindrical shape of the polyp.

2.4. Photosynthetic efficiency (Fv/Fm) {#s0030}
--------------------------------------

A Diving PAM (Walz) was used to determine the Photosystem II (PSII) maximum quantum efficiency (Fv/Fm) as a measure of stress experienced by the zooxanthellae. Measurements were taken under dim light exposure after 12 h of dark acclimation ([@bb0300]). A reduction of Fv/Fm below 0.5 was considered to be an indicator of stress as these lower values can indicate PSII damage when measured after dark recovery ([@bb0120]).

2.5. Transmission electron microscopy {#s0035}
-------------------------------------

### 2.5.1. Sample preparation and imaging {#s0040}

For each experimental treatment, three tentacles of *E. paradivisa* (one per colony) were sampled from fully expanded polyps 1 h after the start of the light period. Tentacles were removed from the centre of each polyp to ensure that they were maximally exposed to light. Specimens were fixed and imaged as described in ([@bb0250]). Briefly, tentacles were fixed (3% glutaraldehyde, 4% formaldehyde, 0.1 M PIPES buffer containing 14% sucrose at pH 7.2) and then cut to obtain only the central section of each tentacle, post-fixed using 1% osmium tetroxide, stained with 2% uranyl acetate and dehydrated with a graded ethanol series before being embedded in Spurr\'s resin. Semi-thin tentacle sections (\~ 240 nm) were cut and stained with 1% toluidine blue and 1% borax for light microscope observations. For each specimen 3--5 thin sections (\< 100 nm thick) were obtained that were \> 20 μm apart from each other to eliminate the possibility of imaging the same algal cell twice. For each experimental treatment, at least nine sections originating from all three tentacles were produced. Sections were stained with lead citrate and imaged on a Hitatchi H7000 transmission electron microscope. For each grid square (Cu200), the 3--4 largest zooxanthellae were imaged in order to analyse only cells that were cut close to their central plane, thus being representative for the maximal cell diameter. For each tentacle, a minimum of 30 zooxanthellae cells were imaged, using 3 or more sections. A total of 100 micrographs of individual zooxanthellae (× 6000 magnification) were acquired for each treatment.

### 2.5.2. Micrograph analysis {#s0045}

All micrographs were analysed using Fiji ([@bb0255]). The size of individual zooxanthellae cells was deduced from the cell section area (*n* = 100). Furthermore, the area occupied by lipid bodies, starch granules and uric acid crystals was determined for each cell and presented as a percentage of the cell section area (*n* = 100). Accumulation body integrity was measured by the degree of fragmentation by counting the number of fissures in the periphery ([@bb0250]). The accumulation body was only analysed when it was clearly visible in the section. For this parameter, a mean was derived for each processed tentacle per treatment (*n* = 3). The zooxanthellae density was determined by measuring the area of the endoderm and counting the contained zooxanthellae, using semi-thin sections imaged under a light microscope at × 40 magnification (*n* = 3). While the relative differences between samples from the respective treatments are unaltered, the present method produces absolute numbers which are higher compared to published values ([@bb0250]).

2.6. Statistical analysis {#s0050}
-------------------------

For the morphological parameters of zooxanthellae, statistical replication was achieved by analysing 100 distinct algal cells from three tentacles and from different areas within each tentacle (*n* = 100) ([@bb0250]; Table S1). Data from nutrient replete (HN/HP) and low nutrient (LN/LP) treatments ([@bb0250]) were analysed for comparison. A mean value of zooxanthellae density was obtained for each processed tentacle (*n* = 3) (Table S2). Data were tested for normality using the Shapiro-Wilk test and log transformed if found to be non-normally distributed. Statistically significant effects resulting from the difference in dissolved inorganic nutrient availability were determined by one-way analysis of variance (ANOVA) (Table S3), followed by Tukey\'s post hoc test for pairwise comparison (Table S4). Data that were not normally distributed after transformation were, therefore, determined by the non-parametric Kruskal-Wallis one way ANOVA on ranks. *P* \< 0.05 was considered to be significant in all instances.

3. Results {#s0055}
==========

3.1. Effects on the coral holobiont {#s0060}
-----------------------------------

Corals exposed to the imbalanced, HN/LP conditions, displayed a smaller polyp size and a bleached appearance that closely resembled the phenotype observed in low nutrient water (LN/LP) ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}a). In contrast, the corals kept under LN/HP imbalanced nutrient levels showed a similar phenotype to the nutrient replete (HN/HP) treatment. The bleached appearance of the polyps from HN/LP conditions was associated with low numbers of zooxanthellae in the tentacle tissue ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}), similar to the low nutrient LN/LP treatment. In contrast, the symbiont numbers in the tissue of LN/HP exposed corals were comparable to those of corals from nutrient replete (HN/HP) conditions ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}).Fig. 1Effect of dissolved inorganic nutrient availability on polyp size, and on zooxanthellae density and ultrastructure. Panels on the left hand side show representative photographs of *Euphyllia paradivisa* polyps from each experimental treatment. Panels in the central column show light microscope images of tentacle endoderm cross sections (× 40 magnification). Panels on the right hand side show micrographs of individual zooxanthellae which represent a mean ultrastructure (*n* = 100) resulting from the respective treatments (× 6000 magnification). HN/HP = high nitrogen/high phosphorus, LN/LP = low nitrogen/low phosphorus, HN/LP = high nitrogen/low phosphorus, LN/HP = low nitrogen/high phosphorus. AB = accumulation body, ch = chloroplast, LB = lipid body, N = nucleus with condensed chromosomes, P = pyrenoid, S = starch granule, U = uric acid crystals.Fig. 1.Fig. 2Effect of dissolved inorganic nutrient availability on polyp size and on zooxanthellae density. (a) Coral polyp volume, (b) zooxanthellae density. HN/HP = high nitrogen/high phosphorus, LN/LP = low nitrogen/low phosphorus, HN/LP = high nitrogen/low phosphorus, LN/HP = low nitrogen/high phosphorus. Mean ± s.d. Statistically significant differences are indicated by the use of different letters (one-way ANOVA, Tukey\'s test, *P* \< 0.05).Fig. 2.Table 1*Symbiodinium* biomarker patterns characteristic for different nutrient environments.Table 1.Nutrient conditionNutrient replete HN/HPLow nutrients LN/LPImbalanced HN/LPImbalanced LN/HPZooxanthellae nutrient statusNutrient replete growthN/P co-limitationP-starvedN-limitedZooxanthellae densityNormalLowLowNormalPolyp sizeNormalSmallSmallNormalCoral healthNormalBleachedBleachedNormalZooxanthellae health (Fv/Fm)Normal \> 0.5Normal \> 0.5Stressed \< 0.5Normal \> 0.5Zooxanthellae ultrastructural biomarkersCell sizeSmallIncreasedIncreasedSmallLipid body contentLowIncreasedIncreasedIncreasedStarch granule contentLowIncreasedIncreasedIncreasedUric acid crystal contentn.d.n.d.Increasedn.d.Accumulation body fragmentationn.d.Increasedn.d.n.d.

3.2. Effects on the *Symbiodinium* ultrastructure {#s0070}
-------------------------------------------------

The analysis of TEM micrographs revealed that the size of zooxanthellae from the imbalanced HN/LP treatment and the low nutrient condition were significantly increased compared to those from the nutrient replete and the imbalanced LN/HP treatments ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}).

The low nutrient (LN/LP) condition and both types of nutrient imbalance increased the content of lipid bodies and starch granules in the symbiont cells ([Fig. 3b,c](#f0015){ref-type="fig"}) in comparison to corals from the HN/HP treatment. A biochemical assay using the lipophilic dye Nile Red (see supplementary material for method) confirmed that the increased cellular content of lipid bodies is due to an accumulation of neutral lipids (Fig. S2A). The lipid content remained stable over the day (Fig. S2B).

Only the imbalanced HN/LP condition resulted in a marked increase in the content of uric acid crystals ([Fig. 3d](#f0015){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}). Interestingly, none of the imbalanced nutrient treatments caused the fragmentation of the accumulation body characteristic of the low nutrient condition ([Fig. 3e](#f0015){ref-type="fig"}).

3.3. Effects on *Symbiodinium* photosynthetic efficiency (Fv/Fm) {#s0065}
----------------------------------------------------------------

Compared to nutrient replete conditions, zooxanthellae from specimens from the imbalanced HN/LP treatment showed a reduction in the maximum quantum efficiency (Fv/Fm) with values of 0.34 ± 0.05 after dark recovery being indicative of PSII damage or disturbance ([Fig. 3](#f0015){ref-type="fig"}f, [Table 1](#t0005){ref-type="table"}). In contrast, Fv/Fm values \> 0.5 were recorded for zooxanthellae of corals from the other treatments.Fig. 3Effect of dissolved inorganic nutrient availability on zooxanthellae ultrastructure and Fv/Fm. (a) Cell size (*n* = 100), (b) lipid body accumulation (*n* = 100), (c) starch granule accumulation (*n* = 100), (d) uric acid crystal accumulation (*n* = 100), (e) accumulation body fragmentation (*n* = 3), (f) Fv/Fm (*n* = 5). HN/HP = high nitrogen/high phosphorus, LN/LP = low nitrogen/low phosphorus, HN/LP = high nitrogen/low phosphorus, LN/HP = low nitrogen/high phosphorus. Box plots: the vertical line within each box represents the median. The box extends from the first to the third quartile and whiskers extend to the smallest and largest non-outliers. Outliers are not shown. Bar chart: mean ± s.d. Statistically significant differences are indicated by the use of different letters (one-way ANOVA, Tukey\'s test, *P* \< 0.05).Fig. 3.

4. Discussion {#s0075}
=============

We used ultrastructural biomarkers of zooxanthellae to gain novel insights into the response of the coral -- *Symbiodinium* symbiosis to imbalanced nutrient environments and to analyse the role of nitrogen and phosphorus for the functioning of this association and potential implications for coral reef management. We used the reef coral *Euphyllia paradivisa* harbouring *Symbiodinium* sp. (clade C1) as a model system, exposed the corals to HN/LP and to LN/HP conditions and compared them to specimens from nutrient replete (HN/HP) and low nutrient (LN/LP) treatments ([@bb0250]).

4.1. Effect of high nitrate/low phosphate conditions {#s0080}
----------------------------------------------------

Recently, we demonstrated that corals exposed to HN/LP conditions were more susceptible to bleaching when exposed to heat stress and/or elevated light levels ([@bb0310]). The detrimental effects were linked to the relative undersupply with phosphorus that can result from the higher demand of the proliferating algal populations rather than to the high nitrogen levels. Phosphate starvation in *Symbiodinium* sp. resulted in a drop of photosynthetic efficiency associated with changes in the ratio of phospho- and sulfo-lipids ([@bb0310]). In other photosynthetic organisms, similar responses to phosphate stress could be attributed to critical changes in the properties of photosynthetic membranes ([@bb0095]). Hence, our findings provided a potential mechanistic link between nutrient stress, the malfunctioning of the photosynthetic machinery and the observed bleaching response.

With their low zooxanthellae numbers, bleached appearance and small polyp size, the corals from the HN/LP treatment under elevated light levels resembled the low-nutrient phenotype (LN/LP) previously described ([@bb0250]). These two treatments also had similar effects on the ultrastructure of zooxanthellae, with cell size and the accumulation of carbon-rich storage bodies (lipid bodies and starch granules) being increased in comparison to zooxanthellae from nutrient replete conditions. Similar structural changes were found to be indicative of nutrient limitation in zooxanthellae and free-living microalgae ([@bb0145], [@bb0200], [@bb0160], [@bb0195], [@bb0305], [@bb0250]). Those characteristics have been interpreted as indicators of an uncoupling of carbon fixation from cellular growth. In this state, the nutrient-limited cells sustain a high photosynthetic production while their energy demand is reduced due to slower proliferation rates ([@bb0250], [@bb0160], [@bb0285], [@bb0280]).

Since corals from the HN/LP conditions were supplied with excess nitrogen, the nutrient limitation phenotype of corals and symbionts can be clearly attributed to the undersupply with phosphate. Importantly, under both, nutrient replete and low nutrient conditions, the photosynthetic efficiency measured as Fv/Fm was in the healthy range (\> 0.5). In contrast, Fv/Fm was strongly reduced in the imbalanced HN/LP treatment, indicative of failing photosynthesis due to phosphate starvation ([@bb0310], [@bb0055]). At ultrastructural level, the phosphate starvation phenotype resulting from nitrogen enrichment in combination with low phosphate supply can be clearly distinguished from the low-nutrient phenotype by the pronounced accumulation of uric acid crystals. This finding is in line with previous studies that observed comparable deposits in zooxanthellae in response to nitrate enrichment, forming a transitory storage of assimilated nitrogen ([@bb0030], [@bb0170]). Finally, the phosphate-starved zooxanthellae lack the intriguing fragmentation pattern of the accumulation body, characteristic of strongly nutrient-limited zooxanthellae ([@bb0250]).

4.2. Effect of low nitrate/high phosphate conditions {#s0085}
----------------------------------------------------

Despite the relative undersupply of nitrogen in the low nitrate/high phosphate treatment, the polyp size and zooxanthellae density of these corals were comparable to those from the replete nutrient treatment. However, the ultrastructural biomarkers revealed signs of nutrient limitation such as elevated levels of lipid bodies and starch granules in symbiont cells from corals under LN/HP. In the light of previous findings, the effects of the low supply with nitrogen could be interpreted to cause an uncoupling of carbon-fixation and cellular growth that manifests in the increased accumulation of carbon-rich storage products. However, as indicated by the smaller cell size and the high number of symbiont cells within the coral tissue, comparable to those from corals experiencing high nutrient levels ([@bb0250], [@bb0160], [@bb0285], [@bb0280]), cell proliferation rates are still high enough to sustain these zooxanthellae densities. These results, together with the high Fv/Fm values of zooxanthellae from LN/HP corals suggest that the N-limitation sustains a slower but chemically balanced growth while maintaining a functional photosynthesis.

4.3. Differential effects of N and P undersupply and critical thresholds {#s0090}
------------------------------------------------------------------------

Our results suggest that symbiotic corals can tolerate an undersupply with nitrogen much better than an undersupply with phosphorus. These findings likely reflect an adaptation of the algal symbionts to the nutrient environment of coral reefs where processes are mostly nitrogen limited ([@bb0045], [@bb0105], [@bb0265], [@bb0110]). In agreement with this assumption, previous studies found a trend that nitrogen enrichment stimulates zooxanthellae growth and results in higher zooxanthellae densities, often without obvious negative effects on the corals ([@bb0080]).

It cannot be ruled out, however, that nitrogen-fixation by coral-associated microbes in the presence of high phosphate concentration might potentially relieve some of the nitrogen-undersupply of the corals ([@bb0230]).

The present study clearly shows that phosphate deficiency, alone or in combination with a low supply of nitrate, results in a severe disturbance of the symbiotic partnership as indicated by the loss of coral tissue and zooxanthellae. Phosphate starvation of zooxanthellae induced by nitrogen enrichment and resulting high N:P ratios has previously been shown to disturb the photosynthetic capacity of zooxanthellae and increase the vulnerability of corals to light- and heat stress-mediated bleaching ([@bb0310]). The fact that normal photosynthetic efficiency is retained by zooxanthellae in corals from the LN/LP treatment suggests that an undersupply with phosphate has less severe consequences when the algae become limited by nitrogen. This can be explained by the reduced P-demand of the non-/slow-growing algal population ([@bb0055]).

The concentrations of dissolved inorganic nutrients in our LN/LP treatment (\~ 0.7 μM/\~0.006 μM) suggest that at measured nitrate concentrations \< 0.7 μM the impact of skewed N:P ratio becomes less pronounced. In our experiments, a phosphate concentration of \~ 0.3 μM at a N:P ratio of 22:1 yielded an overall healthy phenotype. Accordingly, it is likely that the absolute N:P ratio becomes also less critical for the proper functioning of the symbionts when phosphate concentrations exceed a vital supply threshold (\> 0.3 μM), even when the symbionts are rapidly proliferating.

In contrast, a phosphate concentration of \~ 0.18 μM at a \~ 10-fold higher N:P ratio (211:1) yielded a bleached phenotype with the remaining symbionts showing signs of stress (Fv/Fm \< 0.4). Therefore, the P-threshold at which corals can become stressed in the presence of high N concentrations can be as high as 0.18 μM. Effects of P deficiency can be expected to become worse if supply from other sources such as particulate food or internal reserves, is low.

4.4. Implications for environmental monitoring and coral reef management {#s0095}
------------------------------------------------------------------------

Our study suggests that phosphate can become critically limiting even at concentrations ≤ 0.18 μM if the N:P ratios well exceed 22:1. This appears surprising since phosphate concentrations in this range are commonly considered ambient or high in natural reef environments. However, [@bb0180] reports phosphate concentrations of 0.1--0.18 μM at N:P ratios in the range of 33--72 to be associated with phosphate limitation of macroalgae in the declining reefs of Discovery Bay (Jamaica). These data suggest that the critical threshold values determined by our laboratory study can indeed be found in reef environments impacted by eutrophication. However, it is important to note that nutrient values measured in the water column of natural or experimental mesocosm settings represent a steady-state equilibrium that depends on their production and uptake by organisms. Since these fluxes vary spatially and temporarily among reef regions, the measured nutrient concentrations have to be considered in the context of the respective environment. Consequently, there is an urgent need to refine these thresholds and quantify the absolute amounts of nutrients and the associated fluxes that are responsible for the observed biological effects. These values are required to provide reliable and effective target values for management purposes.

Of particular interest in the context of the present work is also the role of phytoplankton blooms. Stimulated by nutrient enrichment in the first place, coastal blooms can limit primary production by depleting essential nutrients or shifting their ratio over time and space ([@bb0055]). Critically, the depletion of dissolved inorganic phosphorus has been reported in the aftermath of phytoplankton blooms that were initially set off by elevated nitrogen levels ([@bb0060], [@bb0100], [@bb0135]). Such a lack of phosphate may render benthic corals more susceptible to stress, bleaching and associated mortality ([@bb0310]). Indeed, previous studies have observed a correlation between elevated nitrogen concentrations, increased phytoplankton densities and coral bleaching ([@bb0290], [@bb0315], [@bb0055]). Preventing the enrichment of coral reef waters with excess nitrogen should consequently be a management priority. However, it is important to note that also other forms of nutrient enrichment can have a plethora of direct and indirect negative effect on corals and their symbionts (reviewed by [@bb0055]). Therefore, the reduction of nutrient enrichment has to be generally high on the agenda of coral reef management ([@bb0245]).

The extended set of cumulative, ultrastructural biomarkers provided here ([Table 1](#t0005){ref-type="table"}) can be used to identify different forms of nutrient stress in *Euphyllia* sp. associated with *Symbiodinium* (C1). These biomarkers hold promise to indicate nutrient stress also in other symbiotic coral species and in various reef settings. Importantly, they have potential to become part of the toolkit that is required for an in-depth understanding of the nutrient environment in coral reefs by bridging knowledge gaps left by traditional measurements of nutrient levels in the water column. Our findings highlight the key role of phosphorus in sustaining zooxanthellae numbers and coral biomass and for the proper functioning of symbiont photosynthesis, thereby contributing to the critical understanding of the importance of phosphorus for the functioning of symbiotic corals ([@bb0090]).
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